An evidence for a diphoton resonance at a mass of 750 GeV has been observed in the data collected at the LHC run at a center of mass energy of 13 TeV. We explore several interpretations of this signal in terms of Higgs-like resonances in a two-Higgs doublet model and its supersymmetric incarnation, in which the heavier CP-even and CP-odd states present in the model are produced in gluon fusion and decay into two photons through top quark loops. We show that one cannot accommodate the observed signal in the minimal versions of these models and that an additional particle content is necessary. We then consider the possibility that vector-like quarks or leptons strongly enhance the heavy Higgs couplings to photons and eventually gluons, without altering those of the already observed 125 GeV state.
A diphoton resonance at 750 GeV?
It has been reported that the approximately 4 fb −1 of data, delivered in the latest LHC run with a center of mass energy of 13 TeV, indicate the presence of a resonance that decays into two photons, with a mass of about 750 GeV and a width of ∼ 50 GeV [1] . The local significance of this signal is only at the 3σ level in the case of the ATLAS collaboration and slightly less for the CMS collaboration. Hence, it is likely that this excess of data is simply yet another statistical fluctuation which will be washed away with more data. Nevertheless, in the absence of any firm sign of the long awaited new physics beyond the SM, it is interesting to contemplate that the effect is indeed due to a new resonance.
Let us briefly sketch the various possibilities for such a resonance and consider its spin-parity quantum numbers. The observation of the γγ signal rules out the option that it comes from the decay of a spin-1 particle by virtue of the Landau-Yang theorem [2] . This leaves the spin 0 and spin ≥ 2 possibilities. A graviton-like spin-2 is extremely unlikely since it has universal couplings and it should have also decayed into other states such as W W, ZZ, dileptons and dijets which have not been observed up to very high masses [3] . The most likely possibility for the resonance particle is thus to have spin-0.
Furthermore, the resonance should be Higgs-like and couple only very weakly to light quarks as, if produced inannihilation, it should have already been observed at the first LHC run with √ s = 8 TeV and 20 fb −1 data. Indeed, for a 750 GeV resonance, just considering naively theparton luminosities for a given c.m. energy, there should be an increase of only a factor of 2.5 for the production rate when moving from 8 to 13 TeV c.m. energy [4] . Instead, if the resonance is produced in gg fusion, the jump in cross section would be a factor of 4.5 so that the collected data sets at √ s = 8 and 13 TeV would be equivalent. Note that there was an ATLAS search for a two-photon scalar resonance performed at √ s = 8 TeV [5] but it did not extend beyond the scale of 600 GeV. CMS searched also for diphoton resonances [6] and observed a slight excess of about 2σ at a mass of 750 GeV. The present diphoton excess is, thus, not a complete surprise.
In this note, we explore the possibility that the diphoton events originate from the decays of the heavy neutral CP-even and CP-odd Higgs particles that are present in two Higgs doublet models [7, 8] and, in particular, in their minimal supersymmetric incarnation, the MSSM [8, 9] . We show that to achieve such a strong diphoton signal, additional particles should contribute to the loop induced production and decay processes and we investigate some scenarii with vector-like quarks and leptons that occur in many extensions of the Standard Model (SM) [10] . We show that indeed, vector-like leptons can account for the observed signal without altering the properties of the lightest h boson.
The diphoton rate in 2HDMs and the MSSM
A straightforward extension of the SM that involves additional Higgs states is a (2HDM) model with two-Higgs doublets Φ u and Φ d [7, 8] that leads to the presence of four additional physical Higgs bosons besides the 125 GeV state already observed and that we will denote by h: a heavier CP-even H state, a CP-odd A state and two charged H ± bosons. The model is described by the four Higgs masses M h , M A , M H and M H ± , and two angles: the angle β given by the ratio of the vacuum expectation values of the two scalar fields and the mixing angle α that diagonalises the two CP-even Higgs states
To make in a natural way that the lighter h state is SM-like as experimentally observed [11] , one can nevertheless invoke the alignment limit [12] in which the two angles are related by β −α = π 2
. The h couplings to up and down type fermions and gauge bosons, normalised to the SM values, are then SM-like, g hV V ≈ g huu ≈ g hdd ≈ 1, while the couplings of the CP-even H and charged H ± states reduce to those of the pseudoscalar A. The H coupling to the V = W, Z bosons tends then to zero, g HV V = cos(β − α) → 0, as for the CP-odd Higgs state which, because of CP-invariance, has no V V couplings, g AV V = 0. Depending on whether the up and down-type fermion masses are generated by only one or both Higgs fields, the normalised Φ = H, A couplings to fermions in the alignment limit are given by g Φbb = − tan β for type II and g Φbb = 1/ tan β for type I models while one has g Φtt = 1/ tan β in both scenarios. The couplings of τ -leptons follow that of b-quarks.
The minimal supersymmetric extension of the SM (MSSM) is a type II 2HDM but it has the interesting feature that supersymmetry imposes strong constraints on the parameters and only two of them, e.g. tan β and M A , are independent. This is true not only at tree level but approximately also at higher orders if the constraint M h = 125 GeV, which fixes the important radiative corrections to the Higgs sector [9] , is enforced; this is the so-called hMSSM discussed recently [13] . Because the LHC Higgs data indicate that h state is SM-like [11] and that the pseudoscalar Higgs boson should be rather heavy [14] , one is also in the so-called decoupling limit in which one has cos(β − α) ≈ 0 and
This simplifies considerably the phenomenology of the model.
In this section, we will consider both the MSSM in the decoupling limit and the 2HDMs of type I and II in the alignment limit. In the latter case, we will assume in addition that the CP-even H and CP-odd A states are approximately degenerate in mass, M A ≈ M H , as is the case in the MSSM. Hence, the 750 GeV diphoton resonance will consist of both the H and A bosons. As motivated below, we will specialize in the low tan β region, tan β < ∼ 1, which allows for strong Yukawa couplings of the top quark. The possibility of extremely large Yukawa for bottom quarks requires large tan β values (for type II 2HDMs), tan β > ∼ 30 and even 50, which for M Φ ≈ 750 GeV, are excluded by the Φ → τ + τ − searches performed at the run I of the LHC [14] . Hence, only the top quark Yukawa coupling will be kept in our following discussion and all other Yukawa couplings will be considered to be negligible and ignored.
Let us now discuss the decays of the two Higgs resonances. In the configuration that we have chosen, with large Higgs masses and low tan β values, the only relevant tree level decay of the Φ = H, A bosons will be into top quark pairs with a partial width [15] 
where
is the quark velocity and p Φ = 3 (1) for the CP-even (odd) Higgs boson. In principle, the decays of the two resonances into two photons also proceeds through the top-quark loop only (for the CP-even H state, we ignore the Wloop contribution and there are also small charged Higgs contributions to be discussed shortly), but we will allow for additional contributions of new fermions that we will explicit later. The partial decay widths are given by [8, 15] 
The form factors A , Im(A A 1/2 ) ≈ 2 in the CP-odd case. Assuming that there are no new physics contributions to the Φγγ loop besides that of the top quark, the branching ratio of the decay Φ → γγ is simply given by 
. To arrive at a total width of ≈ 50 GeV as experimentally observed, one thus needs tan β ≈ 1. Hence, besides requiring the equality 2 M H ≈ M A , on should not allow for new H/A decay channels in order not to increase this total width. In fact, even if the total width issue could be ignored, tan β values much smaller than unity, say tan β < ∼ 1/3, should be avoided in order to keep a perturbative top quark Yukawa coupling. We will thus stick to tan β ≈ 1 in our analysis.
In a similar way, the cross section for Φ production in the dominant gluon-gluon fusion process is proportional to the Higgs decay width into two gluons which is given by [8, 15] 
First, one notices that the production cross section at √ s = 13 TeV for a SM-like Higgs boson of mass M H = 750 GeV is σ(H SM ) ≈ 0.85 pb [13] and that in our case, one has
2 β as the form factor is different in the CP-odd case. One obtains then for the cross section times branching fraction when the two channels are added (the numbers are for the hMSSM),
to be compared with a cross section of O(10 fb) observed by the ATLAS collaboration.
Thus, for tan β ≈ 1, we are more than two orders of magnitude away from the diphoton signal and, even if we allow for tan β ≈ 1/3, we are still more than an order of magnitude below. Very large additional contributions are thus needed.
An important remark is that if the enhancement of the diphoton signal had to come from the production cross section, then we would have had a large rate for gg → Φ → tt that is constrained from the search of resonances decaying into top quark pairs at the 8 TeV LHC. Indeed a 95% confidence limit of σ(gg → Φ)×BR(Φ → tt) < ∼ 1 pb [18] has been set and, since at this energy one has σ(gg → H +A) ≈ 0.5 cot 2 β pb and BR(Φ → tt) ≈ 1, tan β cannot take values much smaller than unity. This leads to the important conclusion that the two orders of magnitude enhancement needed to accommodate the observed diphoton resonance in our context should essentially come from the Φ → γγ decay.
Although obviously very unlikely, we nevertheless considered the various additional contributions that can affect the Φγγ and Φgg loops in the minimal versions of 2HDMs and the MSSM and checked that such a huge enhancement cannot be obtained (this is clearly also the case for the lightest h boson as it has recently been discussed in Ref. [20] ).
A first contribution to the Φγγ loops which can be considered, is that of a charged Higgs boson in the case of H (because of CP-invariance there is no
is smaller compared to the fermionic one as shown in Fig. 1 . In the MSSM, as M H ± ≈ M H and g HH + H − = O(1), the contribution is negligible. Even in a general 2HDM, although g HH + H − is not fixed and can be made relatively large, the H ± contributions are also very small 3 . In the case of the MSSM, additional contributions are provided by supersymmetric particles running in the loops. The contributions of the charginos in Φ → γγ are in general small if we are above the M Φ > ∼ 2m χ ± thresholds that are needed to keep the total decay widths of the resonances small. But also for small chargino masses, BR(Φ → γγ) cannot be enhanced by more than a few ten percent 4 . There also contributions of sleptons and squarks to the CP-even H → γγ decay and squarks to gg → H production; the CP-odd A state does not couple to identical sfermions and there is no contribution at lowest order. Here again, the Higgs-sfermion couplings are not proportional to sfermions masses and the contributions, A
leading to small loop contributions for sufficiently heavy sfermions. This is particularly true in the slepton case where the dominant contribution due to light stau's cannot be enhanced by strong couplings for the low tan β values that we are considering here.
Finally squarks and particularly relatively light top squarks can make significant contributions to H → γγ and gg → H. In the MSSM, however, for the low tan β values that we are considering, the stops (which contribute to the radiative corrections that enhance the lighter h boson mass) should be extremely heavy for M h = 125 GeV to be reached. ≈ 100 GeV [19] , and maximally coupled to the H/A states, one makes only a 25% and 10% change of the H → γγ and A → γγ branching ratios respectively [17] .
Even if by some means one can accommodate this mass values with light stop (e.g. by invoking an additional singlet-like Higgs as in the NMSSM or by incorporating some additional particles to increase the radiative corrections to the h mass) it is very difficult to increase σ(gg → H)×BR(H → γγ) significantly 5 . In fact, in general, when the SUSY contributions are large, they are also large in the case of the lightest h boson [20] which is unacceptable as its couplings have been measured to be SM-like.
In conclusion, it is very difficult to enhance the production cross section and the γγ decay branching ratios of the MSSM H and A bosons to a level close to what is experimentally observed, even if extreme configurations for the superparticle masses and couplings are chosen. Other, more radical, measures are needed and we discuss them now.
Introducing vector-like quarks and leptons
In order to increase significantly the Higgs couplings to gluons and/or photons, one could consider the contributions of new heavy fermions to the triangular loops 6 . These fermions should have vector-like couplings to the electroweak gauge bosons in order to avoid generating their masses through the Higgs mechanism only and then cope with the electroweak precision tests as well as the LHC Higgs data 7 . Vector-like fermions appear in many extensions of the SM and recent discussions have been given in Ref. [10] . In our analysis, we will not rely on any specific model (as e.g. Ref. [23] ) and simply adopt an effective approach in which the properties of these fermions are adjusted in order to fit our purpose.
In addition to the two Higgs doublets for which we still assume the alignment limit and the mass equality M H ≈ M A , we first consider vector-like quarks (VLQs) with the following minimal Lagrangian describing their Yukawa couplings in the interaction basis
where the "+" sign corresponds to the MSSM case, while the "−" sign corresponds to a type II 2HDM case 8 . Such representations of the VLQs make possible the presence of Yukawa couplings invariant under the SM gauge symmetry, hence including also terms mixing the VLQs with SM quarks. However, this mixing would represent only a higher order correction to the main enhancement effect of interest; we have therefore omitted 5 For instance, assuming mt
GeV in order to maximize the A H 0 amplitude, one obtains a factor of ≈ 2 enhancement of σ(gg → H)×BR(H → γγ). Instead, for a trilinear stop coupling A t ≈ 2 TeV that strongly enhances the coupling g Ht1t1 ∝ m t A t , one obtains a more modest change [17] . 6 One can of course consider also the introduction of scalars, such as doubly charged Higgs bosons from see-saw mechanisms [21] for instance, but we will not consider this option here. 7 The easiest option would have been the introduction of a fourth generation of fermions, which could have increased both the gg → H/A cross section and the H/A → γγ decay rates by an order of magnitude each. This is nevertheless ruled out by the observation of the light h state with SM-like couplings [22] . 8 This difference comes from the fact that in the MSSM, because of the holomorphicity of the superpotential, the field Φ u with hypercharge − 1 2 has to give mass to the up-type quarks, whereas in the type II 2HDM considered here one can use Φ u ≡Φ 2 = iσ 2 Φ * 2 , where Φ 2 has + for simplicity such Yukawa couplings in the Lagrangian of eq. (7). The key point here is that, to fulfill gauge invariance, at least two vector-like multiplets need to be introduced in order to generate direct Yukawa couplings for the VLQ that are not suppressed by SM-VLQ mixing angles. This will allow to have significant VLQ loop contributions. The motivation to have both states of type t ( ) and b ( ) , coupling respectively to the Φ 0 u and Φ 0 d scalar fields, will become clear later. Such a configuration is also motivated by economy since it follows that of the SM. We will further consider six families of the above VLQ multiplets, to obtain the diphoton rates that are compatible with the LHC data. Similarly to VLQs, one can introduce vector-like leptons (VLL) in the model. The VLLs are subject to weaker direct mass bounds [24] than the ones of order 1 TeV on the VLQ masses [25, 26] . For the particle content, an interesting possibility would be to introduce several replica of vector-like lepton doublets and singlets
which will couple to the 2HDM Higgs states exactly as shown in the Lagrangian of eq. (7) with the replacement t , t → − , − and b , b → = , = . The reason to consider this specific pattern for the SU(2) L doublet, that includes a singly and a doubly charged lepton, is that it allows both its components to contribute to the diphoton triangular loop 9 . Another possibility would be for instance to introduce instead the representations
, with couplings as in eq. (7) with t , t → = , = and b , b → ≡ , ≡ . The motivation would be that these VLLs with higher electric charges would lead to a much stronger enhancement of Higgs-diphoton vertices.
Based on the particle content of eqs. (7)- (8) and recalling the Higgs eigenstate compositions of eq. (1) that involves the mixing angle α which in the alignment or decoupling limits is given by α = β − π 2 , one can express the new fermion contributions to the loop induced Φ = H, A couplings to photons and gluons in the following form,
where we have slightly changed the notation. The "+" sign corresponds to Φ = A in the type II 2HDM, while the "−" sign corresponds to all the other cases, namely Φ = H in 9 This would not have been the case of a vector-like lepton doublet with a neutrino and a singlet charged lepton. However, in the same spirit of Higgs portal models for dark matter [27] , one could introduce a doublet (ν , ) t L/R with a gauge singlet ν L/R protected from decays by a parity forbidding Yukawa coupling between these extra leptons and the SM ones (and in turn their mixings). In the present 2HDM framework, the coupling of ν 
denote, up to possible factors of tan β and cot β, the diagonal elements of the mass basis Yukawa coupling matrix of Φ = H, A to the VL states. The aforementioned coupling matrices are obtained from the biunitary transformations of
with "+" for the h, H states and "−" for the A state 10 . As usual, N c and Q f are the color and electric charges whereas N VLF f stands for the number of vector-like fermion families (taken here, for simplicity, decoupled one from another). The top quark contributions to the loops are simply given by A
Also, we have introduced a W contribution to the γγ amplitude, which, in the decoupling limit, is zero in the case of the H/A states, but not of the lighter h state.
In the narrow width approximation, fully justified for resonances with total decay width of about 5% of their masses, the production rates σ(gg → Φ → γγ) are simply proportional to the product of the two amplitudes squared, σ×BR ∝ |A
A very important requirement for the vector-like content contributing to the Φgg and Φγγ couplings is to not alter significantly the absolute values of the loop induced couplings of the lightest h state with a mass of 125 GeV, which has already been observed to be approximately SM-like [11] . Indeed, the amplitudes for h are almost exactly the same as those of H given by eqs. (9)- (10) with now the non-zero W loop contribution included in the diphoton case. An important difference though is that one has to make the replacement ± tan β → 1 and cot β → 1. This will turn out to be essential for reproducing the measured value for the effective hγγ (hgg) coupling.
For the values of the parameter β that we are considering and for
/m = i < 0, a different sign holds between the − i and = i eigenstate contributions to the h-diphoton loop. Such a wanted sign configuration can generally be accommodated by controlling the VL Yukawa couplings and masses in the interaction basis 11 . As expected from unitarity and different β dependences, it is in contrast a constructive interference which occurs simultaneously in the Hγγ loops [see eqs. (9)- (10)], of course for an identical sign configuration of the above product of Yukawa couplings -now involving A H 1/2 factors. The interference sign between up and down VLL contributions to the A loop cannot be deduced generically from the h, H configurations as the involved Yukawa couplings are different (sign difference in fermion interaction basis -see eq. (12)): a VLL model-dependence enters here. Nevertheless, it can be noticed that the up-down VLL interference sign is opposite in the MSSM and considered type II 2HDM for the A loop contribution (sign unchanged for the H loop contribution). Hence, the contributions to the H and A diphoton rates can be enhanced by VLLs with respect to the MSSM, while the h diphoton amplitude can be kept close to its SM value.
In our 2HDM with the chosen VLL representations, this global situation is guaranteed by the fact that a VLL type (here the ). In the case of VLQs, this mechanism is expected to be less effective as one cannot simultaneously cancel the contributions to the hγγ and hgg loops, since Q t = Q b . To circumvent the problem, a possibility is to consider vector-like multiplets including SU(2) L doublets with higher electric charges, e.g. (q
L/R (as realized for example in Ref. [28] ). Then, gauge invariant Yukawa couplings can be accommodated and the squared charge ratio tends to unity, 1
, the reason being that the unit charge difference between the two components of a doublet is fixed by the gauge symmetry due to the common hypercharge. An additional advantage of the representations above is to increase even more the VLQ contributions to the Φγγ loops, due to the individually large charges, (Q q 5/3 ) 2 and (Q q 8/3 ) 2 [29] . Note that VLQs can also explain another excess (at the two sigma-level) that has been observed at the previous LHC run at 8 TeV in associated tth production [11], as discussed recently [30] .
We present now some numerical results that can be obtained when considering a specific model. We consider a particle spectrum with six identical copies 13 of the VLL multiplets presented in eq. (8) . For simplicity, we assume that these six copies do not mix between themselves and that they are described by identical parameter values. In order to maximize the impact of the VLL contributions to the Φγγ loops, a tempting choice would be to choose the interaction basis parameters in such a way that all the new VLLs have equal masses which are close to the threshold Fig. 1 . However, such a choice would set to zero both the up-type (singly charged) and down-type (doublycharged) VLL contributions to the A → γγ process [26] . Instead, to take at least partly advantage of the sizeable form factor, we arrange the parameter values such that only one up-like and one down-like VLL per copy have masses close to the threshold. Also, as 12 One could e.g. add = leptons coupling as well to Φ 0 u , from additional VLL SU(2) L multiplets. This will however complicate the model without bringing particular interest except more degrees of freedom. 13 It is possible that the number of VLL families can be reduced, for same order diphoton rates, if non-vanishing Yukawa couplings between the different families are considered. Note also that diphoton rates around the femtobarn can be reached through the H production with only three VLL generations, in the specific case of negative relative-sign corrections to the SM h-diphoton amplitude of ∼ 200% (also compatible with the measured h signal strength). discussed before, we will only consider the regions of the parameter space where the singly and doubly-charged contributions to the h → γγ loop approximately cancel each other, leaving thus the hγγ effective coupling SM-like. This leads automatically to constructive interference in the H → γγ loop.
In Fig. 2 , we present isocontours of Φ=H,A σ(gg → Φ) × BR(Φ → γγ) and the signal strength for the previously observed SM-like state
for both the MSSM and type II 2HDM cases. The signal strength for the lighter h boson has been evaluated according to the discussion in Ref. [30] : we took the latest combined experimental value obtained at the previous run of the LHC, µ γγ = 1.16 ± 0.18 [11] , and added a theoretical uncertainty of order 15% [31] . We chose to vary the y u L and y d R parameters because each one is representative for its own sector (up/singly-charged and down/doubly-charged). Also, to avoid a too large width of the scalar resonances, we constrained the VLL eigenmasses to be slightly higher than 2.1 TeV. Moreover, in the total diphoton cross section, Φ σ(gg → Φ) × BR(Φ → γγ), the pseudoscalar contribution is ∼ 5.7 (3.6) times larger than the H contribution for the MSSM (2HDM) case.
In conclusion, by adding charged VLLs, one can obtain values of Φ σ(gg → Φ) × BR(Φ → γγ) 5-6 fb (3-4 fb) for the diphoton rate in the MSSM (type II 2HDM) case, while keeping the h → γγ signal strength in agreement with the LHC Higgs data [11] . By comparing with the value of the diphoton rate for the H/A resonances that can be obtained in our 2HDM scenarii with tan β = 1, i.e. σ × BR ≈ 1.5 × 10 −2 fb, we see that the VLL loop contributions allow to enhance the decay rate of the A and H bosons to γγ final states by a factor of O(100). Such an important enhancement is due to (i) the high electric charges of the VLLs, (ii) the several VLL families and (iii) the fact that half of the VLLs have masses M 
Conclusions
The first searches performed at the new LHC with a center of mass energy of 13 TeV, albeit with a moderate accumulated luminosity, look very promising as the ATLAS and CMS collaborations have reported the observation of a diphoton resonance at an invariant mass of about 750 GeV. The significance of the signal is well below the required five standard deviations and it can well be a statistical fluctuation. It is nevertheless tempting to consider the possibility that it is the first sign of new physics beyond the SM.
We have investigated the possibility that the diphoton resonance is one of the heavy neutral CP-even or CP-odd Higgs particles (and in fact a superposition of the two) that arise in two-Higgs doublet scenarios that are considered as a straightforward extension of the SM and widely studied, especially in the context of supersymmetric theories like the MSSM. However, such a strong diphoton signal cannot be achieved in the usual versions of 2HDMs and the MSSM and additional charged particles should contribute to the loop induced production and decay processes.
We have thus considered the possibility that these new particles are vector-like quarks and leptons that couple strongly to the heavy Higgs bosons. We have shown that, for instance, six families of VL leptons can easily enhance the diphoton rate of the 750 GeV resonance to accommodate the observed signal, without affecting the properties of the light 125 Higgs boson, whose couplings have been measured to be SM-like.
If this diphoton excess is not a statistical fluctuation and is indeed confirmed by future data as being a real physics signal, it will have far reaching consequences. The new physics to which the signal is connected must be extremely rich since, at the same time, it implies the existence of a heavy Higgs-like resonance which is already a very interesting signal for physics beyond the SM and, very likely also, of some other new particle content as to increase the production rate of the 750 GeV resonance in the diphoton channel. These new particles can be light enough to be directly produced and studied in detail at the LHC with significantly higher luminosities than those collected so far. This would open a very rich and exciting era for high energy particle physics.
